Background Intraoperative Gram stains have a reported low sensitivity but high specificity when used to help diagnose periprosthetic infections. In early 2008, we recognized an unexpectedly high frequency of apparent falsepositive Gram stains from revision arthroplasties. Questions/purposes The purpose of this report is to describe the cause of these false-positive test results. Methods We calculated the sensitivity and specificity of all intraoperative Gram stains submitted from revision arthroplasty cases during a 3-month interval using microbiologic cultures of the same samples as the gold standard. Methods of specimen harvesting, handling, transport, distribution, specimen processing including tissue grinding/ macerating, Gram staining, and interpretation were studied.
Introduction
Many tests are used to help identify possible infection in patients with symptoms of a failed arthroplasty. Some tests such as culture of aspirated joint fluid can be performed preoperatively, but not all patients undergo preoperative aspiration, and sometimes surgeons do not become suspicious of an infection until the revision arthroplasty operation is underway. Tests with turnaround time rapid enough for intraoperative use include a frozen section of periprosthetic tissue, cell count of aspirated joint fluid, and Gram stain of aspirated fluid and periprosthetic tissue. The results of intraoperative Gram stains have a reported low sensitivity (ie, 0% [6] to 43% [2] ) such that many authors do not recommend their routine use [7, 15] . However, positive Gram stain results are often believed to have high specificity (ie, 97% [17] to 100% [2, 3, 6, 12, 14, 17, 19] ) and, if so, could have important implications. For example, a positive intraoperative Gram stain may influence a surgeon to convert an intended revision arthroplasty to the first stage of a two-stage operation for periprosthetic infection or may help guide antibiotic therapy before culture results become available. Positive Gram stain results could represent true-positives (clinically important viable organisms), dead bacteria secondary to antibiotic therapy, viable but nonculturable bacteria, or false-positive results resulting from contamination or misinterpretation. Correct interpretation of Gram stains is not always straightforward and to a large part influenced by experience. Clumping of dye, staining of cellular structures, or cellular debris other than bacteria can mimic Gram-positive bacteria. Conversely, a thick Gram smear with a strong background counterstain can cloak Gram-negative bacteria. The Gram stain has also been shown to have high intra-and interobserver variability as a result of an inherent degree of subjectivity [20] .
At the beginning of 2008, we noticed an unexpectedly high number of positive intraoperative Gram stains of macerated tissue from hip and knee arthroplasty cases for which frozen sections lacked acute inflammation and subsequent cultures remained negative. Several such patients were discussed among orthopaedic surgeons, pathologists, and microbiologists and other clinical findings taken into account. Positive Gram stains in patients without any suspicion for infections prompted a retrospective review of 269 samples that had been obtained during revision arthroplasty operations during the preceding 3 months.
We describe an investigation that determined the cause of false-positive intraoperative Gram stains and review published experience with Gram stains for diagnosing periprosthetic infections. To our knowledge, no report in the orthopaedic literature has been devoted to such an investigation.
Patients and Methods
We performed two studies, one retrospective and one prospective. The goal of the first retrospective study was to test the suspicion of our orthopaedic surgeons that the specificity of the intraoperative Gram stain was lower than expected from the literature. After analysis and changes in procedures, called ''intervention,'' a second, prospective study was conducted to confirm that the intervention successfully increased specificity. We focused on the performance of Gram stains of macerated periprosthetic tissue; the ''gold standard'' against which the Gram stains were compared was the microbiologic culture of the same fluid or tissue sample. Sensitivity and specificity were determined using standard calculations [4] , and all Gram stains were reviewed by a senior microbiologist (MO). Sensitivity and specificity calculations were then performed on 390 specimens obtained during the 3 months after technique modifications. We initially identified 14 of 269 specimens associated with a positive Gram stain for a sensitivity of 23% and specificity of 92% (Table 1 ). This sensitivity is comparable to that reported in the literature, but the specificity is lower than most reports (ie, 97% [17] to 100% [2, 3, 6, 12, 14, 17, 19] ) ( Table 2) .
To identify the potential cause(s) of the false-positive Gram stains, the procedure of intraoperative STAT Gram stains was dissected into various steps and each of them observed and analyzed for potential bacterial contamination. The processes of specimen collection in the operating room, transport to the microbiology laboratory, handling in Table 2 . the dedicated central processing and accessioning areas, stain reagent preparation, tissue handling to prepare the smears, and Gram staining were all observed. One aliquot of the macerated tissue was used for the Gram stain smear; other aliquots were plated onto sheep blood agar, chocolate agar, and McConkey agar and incubated aerobically for 3 days and plated onto CDC agar and incubated anaerobically for 5 days. Lastly, a small aliquot was added to thioglycollate enrichment broth, which was incubated for 7 days. During the investigation, sterile collection containers and sterile plastic bags for macerating the tissue specimens were rinsed with sterile saline and the fluid cultured. Gram stain reagents were exchanged, one by one, and different lots of brain heart infusion broth (Becton, Dickinson & Co, Sparks, MD) and thioglycollate broth (Becton, Dickinson & Co), both of which were sometimes added to the tissue specimens to facilitate the mixing process in a ''Stomacher'' (Seward Stomacher1 Laboratory Biomaster; Seward Laboratory Systems Inc, Bohemia, NY), were tested. Twenty-milliliter samples of broth were centrifuged and the pellet cultured for up to 10 days. DNA was extracted (EasyMag1; Biomérieux, Durham, NC) from the very small pellet, and broad-range real-time polymerase chain reaction (PCR) for 16S rDNA using universal primers was used to identify the presence of bacteria as previously described [13] . If positive, the PCR was rerun in duplicate with one reaction containing SYBR green and the other reaction without SYBR green. Sanger sequencing was performed on amplicons generated in the latter reaction to determine the identity of bacteria.
In the second part of the study, we determined the effect of the intervention described by evaluating the number of ''false-positive'' Gram smears during the 3-month period after the intervention. For this analysis, all specimens that were interpreted as Gram stain ''positive for bacteria'' but failed to yield bacterial growth from the same sample were considered ''false-positive.''
Results
Review of the microscopic appearance of apparent falsepositive specimens (Fig. 1A) confirmed the presence of bacteria morphologically indistinguishable from cases that were true-positives ( Fig. 1B) . No likely sources of contamination related to the way the samples were obtained in the operating room or transported to the microbiology laboratory were evident, and there was no contamination of the reagents used in the staining process itself. Changing Gram stain fluids or nutrient broths did not reduce the number of apparently false-positive Gram stains. Cultures of rinsing fluids from specimen containers were negative, and cultures of the brain heart infusion broth and thioglycollate broth remained sterile. However, Gram staining of the sediment of centrifuged sterile brain heart infusion broth and thioglycollate revealed a low number of predominantly Gram-positive bacteria that resembled the bacteria that had been identified in intraoperative Gram stains. Culture of the pellet yielded no growth, indicating these bacteria were either dead or ''viable but not culturable.'' PCR for 16S rDNA showed late amplification (Fig. 2) , but sequencing showed the amplicons were derived from a mixture of bacteria (Fig. 3 ). The sequences aligned with different bacterial species, including but not limited to Ruminococcus gnavus, Clostridium spp, and Eubacterium contortum.
After the source of contamination was recognized, sterile saline was substituted for the brain heart infusion and thioglycollate broths that had been added to help with the maceration of tissue before Gram staining and plating. The saline was first sterile-filtered using a 0.22-lm filter (Millipore, Billerica, MA) and then autoclaved.
After implementation of these changes, sensitivity and specificity were calculated for the 390 orthopaedic tissue samples submitted during the next 3 months. The frequency of positive Gram stains decreased, resulting in a decrease in sensitivity from 23% to 9% but an increase in specificity from 92% to 99% (Table 1) .
Discussion
Misinterpreted as aseptic loosening, a periprosthetic infection can severely compromise the results of revision total joint arthroplasty and is associated with high cost and patient morbidity. Although many infections are correctly diagnosed preoperatively by clinical features in combination with other diagnostic tests, surgeons still sometimes make intraoperative observations that increase their suspicion of a periprosthetic infection. Unfortunately, few tests are currently available that offer a rapid enough turnaround time to be of practical clinical use during the revision operation. The intraoperative Gram stain is one of these tests, and the charge for it is low. However, discrepancies between the results of intraoperative Gram stains and other tests performed at our institution prompted us to systemically evaluate each procedure associated with this test to help identify an important potential source of false-positive results.
This study has several limitations, among them the lack of a ''gold standard'' for diagnosing infection. It is recognized that some patients eventually show clinical features suggestive of infection but are culture-negative. Indeed, studies that used composite findings as the standard to diagnose infection have suggested that between 4% [19] and 45% [3] of apparent infections have at least one negative culture result. It is therefore possible that some of our cases represent true infections with positive Gram stains but negative cultures. However, we believe this is only a remote possibility, because we used the results of all available clinical and laboratory information to define the absence of infection in the cases we believe represent falsepositive Gram stains.
Several previous studies have reported low sensitivity but relatively high specificity of intraoperative Gram stains. For example, Atkins and coworkers prospectively evaluated several different tests to diagnose infection in patients undergoing revision arthroplasty [1] . Using histology as the gold standard of diagnosis, intraoperative Gram staining had a sensitivity of only 12% and a specificity of 98.8%. Surgeon confidence in negative Gram staining results was low so patient management was not altered in any negative Gram stain case in which clinical findings or the results of frozen section were suggestive of infection. A review of 169 Gram stain results obtained during 194 revision arthroplasty operations, 32 of which were infected, reported no positive Gram stain results [6] , again emphasizing the low value of a negative stain. Similarly, in a study of tests to diagnose periprosthetic knee infections, Barrack et al. reported only 10% sensitivity but 100% specificity of Gram stains of aspirated joint fluid [3] . Gram stain results were also collected by Ko and coworkers during a retrospective study primarily designed to test the interpretation of frozen sections [12] . In that study, all Gram stains were reported as negative, including nine cases believed to be infected. Ghanem et al. [9] found that incorporating the neutrophil cell count with Gram stain result could improve specificity but still suggested the ''Gram stain continues to have little value in ruling out periprosthetic infection.'' The reported sensitivity and specificity of Gram stains reported in the literature are summarized ( Table 2) .
Taken together, these studies indicate that Gram stains related to revision arthroplasty have low sensitivity. Several studies have noted a few false-positive results [1, 17, 19] , but in general, the reported series have described relatively high specificity. A low specificity of the Gram stain should be suspected when cultures are negative despite positive Gram stains and histopathology is negative for acute inflammation. Sometimes a uniform morphology of bacteria between different patients and an abnormal Gram stain reaction such as partial staining should prompt an investigation. Occasional episodes of ''pseudoepidemics'' resulting from false-positive Gram stains have been reported related to other clinical settings. For example, in 1973, Musher and Schell reported four cases of apparent false-positive Gram stains of cerebrospinal fluid that had been identified at a Veterans Administration Hospital [16] . Evaluation of staining processes showed bacteria and bacteria-like particles could be identified in glass specimen tubes and that the problem could be prevented by more thorough cleaning. In a comment reflecting practice in 1973, it was noted that glass microscope slides were free of bacteria ''after they were washed in alcohol and dried with gauze or a shirttail.'' Several years later, Ericsson and coworkers reported an ''outbreak'' of false-positive Gram stains of cerebrospinal fluid and eventually discovered flaming an alcohol-rinsed microscope slide tended to cause dead bacteria that were contaminating the alcohol to clump and adhere to the glass [8] . Some experienced microscopists recognized the clumps as contaminants, but others did not. In 1979, Hoke and coworkers recognized an increased number of false-positive Gram stains and discovered that stainable but nonviable Gram-negative bacteria were present in two of seven lots of commercially obtained transport media [10] . More recently, Southern and Colvin reported ''an epidemic of pseudomeningitis'' related to the identification of Gram-positive bacteria in cerebrospinal fluid smears for which the corresponding cultures were negative [18] . Subsequent investigation identified contamination from two different sources: funnels related to a cytocentrifuge machine used for Gram staining and the reagent storage wells used in an automated Gram stain instrument. Other studies have also demonstrated limitations in Gram stain results for specimens from different sites [5, 11] .
As noted, the low sensitivity of intraoperative Gram stains has led most authors to discourage the use of the test at revision arthroplasty, but positive findings are generally believed to have relatively high specificity, so one might argue that Gram stains could be of value in cases of gross purulence to help identify an organism to guide early antibiotic treatment. Several cases of apparent falsepositive results prompted this study, and the results document nonviable bacteria in commercially prepared enrichment broths. These bacteria or bacterial remnants stained mostly Gram-positive but were not culturable with routine media under both aerobic and anaerobic conditions. It should be noted that manufacturers of media guarantee their products to be sterile, but the package inserts note the possible presence of nonviable micro-organisms in the media. These reagents are routinely used in diagnostic bacteriology as enrichment broths that become turbid when viable bacteria proliferate to approximately 10 7 to 10 8 CFU/mL. A Gram stain may then be performed that usually shows the ''correct'' morphology of the numerous viable bacteria that had multiplied in the broth.
We assume that the degree of contamination of enrichment broths varies between different lots, which would explain the surge of apparently false-positive Gram stains at the beginning of 2008 in our laboratory. Routine filtration through a 0.22-lm bacterial filter has been added to autoclaving during reagent preparation, and the specificity of Gram stains from revision arthroplasty specimens has improved from 92% to 99%. Hence, our report documents it is necessary for any additives to be not only sterile, but also free of dead, stainable bacteria and bacterial remnants. Although we do not recommend the use of intraoperative Gram stains at revision arthroplasty, if surgeons continue to request the test, then we recommend surgeons and microbiologists assess the specificity of the intraoperative Gram stain periodically and make sure that it does not fall below 97%.
Our study and a body of literature from decades ago give clues as to what can go wrong and cause false-positive Gram stains potentially harming the patient. Nevertheless, with a sensitivity of only 9% and occasional falsepositives, we do not recommend the use of routine Gram stains during revision arthroplasty for guidance of clinical decisions. Infection is best diagnosed using a combination of clinical and laboratory tests, some of them obtained preoperatively, but when a surgeon's suspicion of infection is suddenly increased during the course of a revision of a presumed aseptic implant, a frozen section of the periprosthetic tissue usually provides higher sensitivity and specificity than a Gram stain. A cell count of fluid aspirated intraoperatively also has a high predictive value for diagnosing infection as long as the patient does not have an underlying noninfectious inflammatory arthropathy [9] .
